Abstract Soil moisture estimates obtained over large spatial areas will become increasingly available through current and upcoming satellite missions and from numerous land surface parameterization schemes run at global-and continental-scale resolutions. The goal of this research was to evaluate the potential for using macroscale estimates of soil moisture for enhancing streamflow forecasts. Towards this research objective, monthly streamflow estimates were obtained from over 50 gauge locations within the Nelson basin, Canada, for the period 1979-1999. For each streamflow record, multiple linear regression models were used to remove components of the streamflow signal related to previous streamflow, climate teleconnections (e.g. ENSO and AO) and snow water equivalence. Correlations were then assessed between the macroscale soil moisture estimates and the residuals of the multiple linear regression analysis over lead times of one, two and three months. At the one-and two-month lead time, statistically significant relationships between soil moisture and the residuals of streamflow are observed over a large proportion of the gauging locations. The number of catchments with statistically significant relationships decreases significantly after two months and particularly in the months of April-June. This study demonstrates that available macroscale estimates of soil moisture have the potential to enhance streamflow prediction, although further study is suggested to improve upon the soil moisture estimates and their application in a forecast system.
INTRODUCTION
The soil water state has important controls on the rates of water movement from and about the Earth's surface. In numerous studies the rainfall-runoff response of a catchment has been linked to the antecedent soil moisture condition (e.g. Merz & Plate, 1997; Cassardo et al., 2002; Maurer & Lettenmaier, 2003; Anctil et al., 2004; Zehe & Blöschl, 2004) . In a recent study, Maurer & Lettenmaier (2003) looked at the importance of climatic indicators and the initial states of simulated snow and soil moisture fields for understanding the predictability of runoff. Their results demonstrate that the soil moisture initial state contributes significantly to runoff predictability at lead times of 1.5 months, except over portions of the Mississippi River basin dominated by snowmelt.
Given the importance of soil moisture for enhancing predictability in runoff prediction, it is unfortunate that, over much of the Globe, observations are hindered due to the expense of establishing point-based measurement systems over large land areas. Fortunately, there have been several important advancements towards both the observation and prediction of soil moisture using remote sensing, macroscale land surface hydrological modelling and data assimilation systems. In particular, the application of passive and active microwave sensors aboard existing and proposed satellite platforms can be used to provide estimates of the soil moisture content for the soil surface (top few centimetres). One promising satellite mission planned for launch in 2007 is the Soil Moisture and Ocean Salinity (SMOS) mission (Kerr et al., 2001) . From the SMOS mission an estimate of the surface soil moisture state will be available globally every three days with a ground resolution of 50 km. Currently, sensors such as the Advanced Microwave Scanning Radiometer (AMSR-E), provide soil moisture retrievals at a scale of approximately 60-km resolution for the top centimetres (Njoku et al., 2003) and data assimilation techniques have been developed to insert satellite-based soil moisture observations into a land surface model (e.g. Walker & Houser, 2001; Reichle & Koster, 2005) . In recent studies by Jacobs et al. (2003) and Scipal et al. (2005) , remotely sensed surface soil moisture has been linked to catchment-scale runoff processes and predictability.
Long lead predictability of streamflow, given an estimate of the initial soil moisture state, will be related to a number of factors including the temporal autocorrelation of that initial value. Temporal autocorrelation in the soil moisture initial values or soil moisture memory has been studied by several authors in observationbased (e.g. Vinnikov et al., 1996; Entin et al., 2000) and modelling-based (e.g. Delworth & Manabe, 1988; Koster & Suarez, 2001 ) studies. Using observed data sets of soil moisture from China, Mongolia, Illinois and Russia, Entin et al. (2000) and Vinnikov et al. (1996) found that root zone soil moisture anomalies recovered over time scales of two months. In a modelling study, Koster & Suarez (2001) examined the persistence of soil moisture anomalies in climate models. Their study demonstrated that persistence is controlled by: (a) the seasonality of the meteorological forcing, (b) the dependence of both evaporation and runoff on soil moisture which acts to remove the anomaly, and (c) land-atmosphere feedback from which soil moisture anomalies can persist due to correlations between the soil moisture initial values and subsequent land-atmosphere feedbacks (e.g. Koster et al., 2004) . However, in off-line land surface hydrological models, only (a) and (b) will contribute to the persistence of soil moisture anomalies.
It is important to note that many of the soil moisture estimates currently available globally, such as those estimated from hydrological models (e.g. Rodell et al., 2004) and from future and existing satellite platforms, will be available at coarse or macroscale resolutions. While these macroscale initiatives will not capture many components of local soil moisture variation dominated by micro-topographic features, soil hydrological properties, vegetation and root structure, classified as white noise components in Entin et al. (2000) and Vinnikov et al. (1996) , these model-based estimates of soil moisture have been shown to capture the macroscale spatial aspects or "red noise" processes dominated by climate and atmospheric processes. Fortunately, the results of numerous modelling efforts have demonstrated that at this macroscale, numerous land surface parameterization schemes are able to reproduce soil moisture time series in statistical agreement with globally available observations (e.g. .
The importance of coarse resolution estimates of the soil water initial state has already been demonstrated in several studies to impact climate and weather prediction. However, the importance of the same estimates for runoff predictability has not been explored outside very few studies (e.g. Maurer & Lettenmaier, 2003; Maurer et al., 2004) and has not been examined in the Nelson/Saskatchewan basin in the Canadian Prairies. Therefore the goal of this study is to evaluate the importance of the antecedent soil moisture estimated at macroscale watersheds for enhancing local streamflow predictions in the Saskatchewan/Nelson basin over several months of initialization and at several lead times for estimation.
DATA AND METHODS

Data sources
Monthly streamflow data was obtained from R-ArcticNet Version 3 (Lammers & Shiklomanov, 2000) . Each station was carefully screened to ensure that the record was complete for the 1979-1999 period. As part of the screening process, stations impacted by reservoir operation or stream diversions were omitted on the basis of visual inspection of the hydrograph time series, or from information about the size and number of reservoirs on the stream. On-and off-stream reservoirs were identified using the data sets of Lehner & Döll (2004) and a database by the Canadian Dam Association which documents the major dams and reservoirs in Canada (Canada Dam Association, 2003) . Naturalized hydrographs were created in areas heavily influenced by the impacts of reservoir operation through subtraction of upstream flow from the flow observed at downstream gauging stations. This procedure also reduced the size of the basin or contributing area that is analysed. At the beginning of the screening process there were 1349 stations; after the screening process 53 stations were selected. The locations of the gauging stations used in this study are illustrated in Fig. 1(a) .
Soil moisture for the Prairie Provinces was estimated using the catchment-based land surface model (CLSM) (see Koster et al., 2000 and Ducharne et al., 2000 for complete model description and evaluation). The fundamental modelling unit of the CLSM is defined by hydrological catchment as determined from the HYDRO1k data base created from the US Geological Survey 30 arc-second digital elevation model (DEM) of the world (Verdin & Verdin, 1999) . Over each catchment, soil moisture is evaluated based on an equilibrium profile of soil moisture from the surface to the water table. In addition to the equilibrium profile, the CLSM also evaluates soil moisture at surface (top 2 cm) and the root zone (top metre). The catchments used in this analysis have an average area of approximately 4000 km 2 and are defined as Level 5 of the Pfafstetter ordering system in Hydro 1k (Verdin & Verdin, 1999) . The CLSM was driven with a 0.5-degree, 6-hourly forcing data set of hydrometeorological variables (2-m air and dew point temperature, shortwave and longwave downwelling radiation, precipitation, 10-m wind speed and surface pressure) as described in Berg et al. (2003; over the time period 1979-1999. The catchment resolution over the Nelson River basin is illustrated in Fig. 1 
(a).
Previous work has demonstrated that the soil moisture modelled using the CLSM and hydrometeorological forcing are in agreement with soil moisture observations (Berg et al., 2003; Reichle et al., 2004) . In Reichle et al. (2004) , comparisons between time series of soil moisture evaluated with the CLSM with in situ soil moisture observations available throughout the world identified a wet bias in the CLSM. However, Reichle et al. (2004) also demonstrated a statistically significant correlation between the model and observation time series. Therefore, when using the soil moisture data in this study, the focus is on the anomalies from the monthly mean climatology rather than the actual value for use as a proxy of large-scale soil moisture.
The soil moisture estimate used in this analysis is representative of the entire soil profile for the catchment under consideration. The soil moisture profile estimate from the last day of each month (April-August) was taken to represent the initial soil moisture condition for subsequent analysis. The initial soil moisture estimate was further processed to ensure that the value used was representative of the contributing area for each gauging location. If a gauging location had more than one catchment contributing to the flow, a weighted mean of initial soil moisture values was determined by finding the total contributing area (A) for the gauge and the area (a) of each of the n contributing catchments i. The weighted initial soil moisture (sm) estimate was then evaluated following:
In each case the soil moisture estimate was converted into an anomaly from the 1979-1999 climatology (as described above).
Snow water equivalence (SWE) was obtained from a data set of global SWE observations derived from satellite (Armstrong et al., 2005) . In the data set, SWE observations were reported on 25-km grids. For each year, the estimate of SWE was defined as the average over period February, March and April for 1979-1999. This grid information was interpolated to catchment space as illustrated in Fig. 1 and the value of SWE for each gauging station determined using equation (1) while solving for SWE. Similar to soil moisture, the final SWE estimate was converted into an anomaly from the 1979-1999 average over the February, March and April period.
Climate indicators, such as the El Niño Southern Oscillation (ENSO), the Arctic Oscillation (AO), and the Pacific Decadal Oscillation (PDO), have been shown to impact the precipitation, temperature and streamflow over North America in numerous studies (e.g. Maurer & Lettenmaier, 2003; Maurer et al., 2004; Coulibaly & Burn, 2005) . In particular, ENSO variability has been linked to patterns of drought across Canada (Shabbar & Skinner, 2004) , while Coulibaly & Burn (2005) found that streamflow variability in western Canada was correlated to the ENSO and the North Atlantic Oscillation (NAO) climatic patterns, particularly after 1950. In a study by Maurer et al. (2004) the positive phase of the PDO was shown to impact streamflow over the Prairie Provinces. In this study, it was decided to limit the number of indices used in the prediction equations to those of ENSO, the AO and the PDO. The ESNO cycle was represented by the Niño 3.4 region (5°N-5°S, 120°-170°W), based on the 1971-2000 base period. The AO is defined as the leading empirical orthogonal function of sea level pressure poleward of 20°N (Thompson & Wallace, 2000) and has been shown by some authors (e.g. Higgins et al., 2000; Maurer et al, 2004) to be closely associated with the NAO index. Both the ENSO and AO indices were obtained from the US National Center for Environmental Prediction. The PDO index, which is derived from the leading principal component of monthly sea surface temperatures of the North Pacific poleward of 20°N, was obtained from http://jisao.washington.edu/pdo/PDO.latest (Mantua et al., 1997) .
Streamflow prediction methods
To identify the importance of soil moisture for streamflow forecasts, it was necessary to isolate the impact of soil moisture from the other predictors. Isolating the impact of soil moisture was performed through a residual analysis approach. For each gauge location and for each of the three month lag periods, an all subsets multiple regression was completed using the predictors: streamflow from the current month, average annual SWE anomaly (for the period February, March, April), the ENSO, AO and PDO indices. For example, to make a streamflow hindcast at a particular gauge location for July the following predictors were used: (a) monthly streamflow at that gauge location in June, (b) the average SWE of the catchment over the period February-April (anomaly value), (c) the ENSO index for June, (d) the June AO index, and (e) the June PDO index. In an all-subsets multiple regression, linear models are evaluated for each 2 k -1 combinations of the predictors (k). The Akaike information criterion (von Storch & Zwiers, 1999) was then used as a screening statistic to identify the optimal multiple regression model for use in the subsequent streamflow equation.
Then the selected multiple regression model was used to make streamflow hindcasts at each of the 53 gauge locations. At each gauge location the selected multiple regression models were used to estimate streamflow at three different lags, at one, two and three months. This procedure was repeated for each of the months from April to August. The residuals calculated from the best-fit regression were then correlated to the soil moisture estimates to identify if the soil moisture estimates can be used to explain some of the remaining variability not already captured using the above predictors.
The results of this analysis may be impacted due to problems of multiplicity and spatial correlation (e.g. Livezey & Chen, 1982) . The multiplicity problem can be addressed using the binomial distribution. Given that the number of significant tests is binomial with N = 53 and p = 0.05, the probability that five (approximately 9% of stations) or less of the stations would show statistically significant relationships where none actually existed is 0.95. However, in this experiment the catchments cannot be considered in isolation due to the effects of spatial correlation. Therefore the threshold number of stations above which one can consider that statistical significance is observed was evaluated using a simple Monte Carlo procedure in which the year-toyear correspondence of the soil moisture and runoff residual time series was randomly shuffled (e.g. Maurer & Lettenmaier, 2003) . The number of statistically significant correlations was then recalculated, repeating the exercise 500 times and evaluating the average number of times when statistically significant results are obtained. Thus for interpretation of the results obtained only soil moisture will be considered as a useful predictor of subsequent streamflow in months where the total number of stations exceeds the value obtained using this Monte Carlo experiment (ME). In this experimental approach, the Monte Carlo procedure effectively reduces the number of degrees of freedom from what would be expected if the data set was treated as a series of independent samples; therefore the number of stations the ME identifies with erroneous statistically significant correlations always exceeds that predicted by the binomial distribution.
There is a potential that the linear regression approach used for identifying relationships between climate indices, streamflow from the previous month and snow water equivalence to forecast subsequent streamflow may overestimate the residuals left to explain by soil moisture, particularly if the relationships between the predictors are nonlinear. Previous studies have identified nonlinear relationships between streamflow and climate indices, for example Maurer et al. (2004) identified that relationships between the PDO and streamflow are evident during the positive but not in the negative phase for a region of western Canada, and Coulibaly & Burn (2004) demonstrate that the relationships between streamflow and climate indices have changed at several Canadian gauging locations over their 80-year data set. In the approach used in this analysis it would be difficult to account for these nonlinear relationships due in part to the relatively short time series of this analysis relative to some of the long oscillation periods of some of the climate indicators (e.g. the negative phase of the PDO occurs 1947-1977 and begins again in 1999). Therefore, in the subsequent analysis caution is exercised in the interpretation of the importance of soil moisture for streamflow forecasts particularly when the threshold number of gauging stations necessary for statistical significance is very close to actual number observed. Table 1 shows the total percentage of gauging stations demonstrating statistically significant correlations between the initial soil moisture estimates and the residuals of the streamflow (shown as a percentage of the total number of gauging stations). The value ME refers to the total percentage of the 53 gauging stations that demonstrate statistical significance in a Monte Carlo experiment repeated 500 times over the basin. One can assume that, if the total percentage of the 53 stations exhibiting statistical significance exceeds the value reported in the ME, then a statistically significant number of stations are correlated to the initial soil moisture estimates. Summarizing the results shown in Table 1 , a statistically significant number of stations exhibit correlation between the soil moisture time series and residuals of the regression analysis discussed above. This relationship is observed in all months at the one-and two-month lead times and in July and August for three-month lags. Therefore, despite the coarse resolution estimates of soil moisture it is shown that, given an estimate of soil moisture initial state, further predictability in streamflow can be obtained for numerous locations in the Nelson River basin. Discussion below will focus on the spatial distribution and patterns observed.
RESULTS AND DISCUSSION
Before addressing the spatial patterns of the correlations summarized in Table 1 , it is useful to discuss the typical patterns of monthly discharge over the study region as this impacts the relationships observed between soil moisture and streamflow. Using a cluster analysis (K-means clustering in Matlab Statistics Toolbox version 5.1) it was found that the average annual discharge patterns of the 53 catchments could be successfully categorized into four main patterns or groups based on the relative volume and timing of the peak flow. However, it should be noted that the patterns and groupings described below are based on hydrographs created from a 21-year average ; therefore, significant local and year-to-year variation should be expected. These typical discharge patterns and their spatial extents have been included as Fig. 1(a) and (b). The hydrographs illustrated in Fig. 1(b) have been converted to the average monthly percentage of mean annual flow, thus allowing them to be shown on the same graph. The first discharge pattern (hydrograph A in Fig. 1(b) ) is characteristic of rapid snowmelt in April-May and very quick recession towards base flow conditions thereafter. Over these gauge locations a very large percentage of the annual flow passes by the gauge through a very short period of time. This pattern was found to be characteristic for several of the gauging stations observed over Saskatchewan and Manitoba. The second discharge pattern (Hydrograph B) in Fig. 1(b) is bimodal in shape. These patterns are generally observed at gauges in the northwest portion of the basin and are associated with snowmelt runoff in the spring and the secondary peak related to the summer peak in precipitation. The final two patterns (C and D) are similar in shape although different in timing. Their shape and time of average annual peak is related to late spring and early summer runoff of snowmelt from Rocky Mountains, earlier peaks are observed in the southwest (graph C) of the basin while the later peaks (graph D) are observed in the north. Below, the soil moisture-runoff relationships are discussed in the context of these typical discharge patterns. The spatial patterns of correlations between the modelled soil moisture estimates and the residuals of streamflow prediction equations are shown in Figs 2-4. Figure 2 demonstrates the correlations between soil moisture and the residuals from the streamflow prediction equations performed at the one-month lead time (e.g. Fig. 2(a) shows correlations between 30 April soil moisture, and residuals based on the prediction of May streamflow). As shown in Fig. 2(a) , April soil moisture could be useful for prediction of runoff in May at approximately 32% of the stations analysed. In the late spring, the stations where soil moisture may be important for streamflow prediction are concentrated particularly at gauging stations in Saskatchewan and Manitoba and are most closely associated to drainage patterns shown in hydrograph A. In these basins peak runoff occurs much earlier in the spring than at the stations which derive the majority of their flow from the mountains. It is important to note that the time period over which statistically significant relationships were observed between soil moisture and the residuals from the streamflow prediction equations, coincides with the period of peak discharge. In May-July (illustrated in Fig. 2(b), (c) and (d) ), the importance of macroscale model estimates of soil moisture for runoff predictability is shown to increase over the entire region but particularly in Alberta, peaking in July and August where nearly 50% of the stations exhibit statistically significant relationships between soil moisture and unexplained variance in the runoff forecasts. This is noteworthy because the increasing importance of soil moisture for runoff prediction again coincides with the increasing amount of discharge through this period, although in the northwestern part of the basin and particularly among the gauges exhibiting very late runoff peaks (Hydrograph D) this observation is not as consistent.
Figure 2(f) illustrates the total number of months for which the gauging station in question exhibits statistically significant relationships expressed as a percentage of the total number of months for which the prediction equations were calculated. There is a large amount of scatter particularly in central and northern Alberta, where stations located in close proximity do not show consistent relationships to soil moisture. This could be related to a great number of factors including a poor soil moisture estimate for the catchment, or very little connection between catchment response and the soil water state; however, more detailed site specific information beyond the scope of the macroscale approach taken in this study would be necessary to understand these inconsistencies. Based on Fig. 2(f) , it is apparent that the stations in Saskatchewan, Manitoba and southern Alberta tend to have more frequent strong relationships between soil moisture and streamflow. These may be regions where more targeted efforts towards the estimation of initial soil moisture values may be appropriate for additional gains in streamflow predictability. Figure 3 illustrates correlations between soil moisture and the residuals from the streamflow prediction equations performed at the two-month lead time (e.g. 30 April soil moisture and residuals from the prediction of June streamflow). Figure 3(a) shows a very similar pattern to that observed in Fig. 2 (a) and (b) , where macroscale estimates of soil moisture over basins in Saskatchewan and Manitoba were found to be useful for streamflow prediction. However, the patterns of statistical significance are not as consistent as was demonstrated in Fig. 2 . However, it is important to note that a statistically significant number of stations exhibit correlations (which are themselves statistically significant) between streamflow and soil moisture for all of the initialization months at the two-month lag, and therefore suggests the potential for including macroscale estimates of soil moisture initial state into long lead forecasts for streamflow prediction. As discussed above, these results should be treated with some consideration particularly for the lead times of May and June when the number of gauges demonstrating statistical significance is close to the threshold level evaluated in the Monte Carlo analysis. Fig. 4 Correlations between soil moisture (SM) and the residuals of a multiple regression equation used to calculate streamflow (SF) at a three month lag. In August some stations were not included because streamflow was not recorded for the period November-March.
In the longer-lead forecasts at three months, soil moisture was not found to have statistically significant correlations with the streamflow residuals for April-June (not shown in Fig. 4) . However, in the later summer months of July and August, a statistically significant number of stations exhibit this relationship as illustrated in Fig. 4 . In general, the flows which are predicted (October and November) represent a small proportion of the total yearly flow; however, prediction of discharge in the autumn is important for many aspects of water resources management, including reservoir management and for the estimation of flow necessary to meet minimum flow requirements for dilution in the case of urban wastewater treatment facilities. In general, it was found that long-lead predictability at the three-month lag is significantly worse in streams with a large portion of discharge spread over very few months. For example, the correlation between streamflow predictability given soil moisture (June soil moisture estimate to September streamflow) and percentage of yearly flow over the peak three months was found to be -0.51 (p < 0.01). Therefore, at gauges where snowmelt dominates the streamflow hydrograph, soil moisture initialization (at least at the macroscale presented here) appears to have less of an impact on streamflow predictability. A similar result was noted in Maurer & Lettenmaier (2003) , where weaker or insignificant relationships between soil moisture and streamflow were observed in snow-dominated basins in the Mississippi River basin.
SUMMARY AND CONCLUSION
Relationships between initial soil moisture fields and runoff have been well established, particularly at the local scales. Currently there are numerous initiatives that seek to provide initial soil moisture estimates at coarse resolutions such as the global land data assimilation system . Given relatively coarse estimates of initial soil moisture fields, the goal of this research was to evaluate the utility of soil moisture estimates obtained at the macroscale for enhancing streamflow forecasts over numerous gauging locations in the Saskatchewan/Nelson river basin of the Canadian Prairies.
The sensitivity of streamflow forecasts to soil moisture was investigated using a residual analysis approach. In this approach, the initial soil moisture estimates were compared to the residuals from a multiple regression analysis evaluated to forecast streamflow for one, two and three months in advance. The predictors used in the regression equation included: present streamflow; snow water equivalence anomalies (February-April); and climate indices for ENSO, the AO and the PDO. Statistically significant correlations between the residuals and soil moisture were interpreted to suggest that some of the remaining variability not accounted for by the multiple regression relationship could be explained by including the soil moisture estimate. A Monte Carlo analysis was used to evaluate if the number of statistically significant relationships observed could also be interpreted as statistically significant.
The results of this analysis demonstrate that a statistically significant number of stations exhibit correlation between soil moisture time series and residuals of the regression analysis discussed above. This relationship is observed in all months (April-August) at the one-and two-month lead times and in July and August for all three-month lags. Therefore, despite the very coarse resolution estimates of soil moisture used in this analysis, it is shown that, given an estimate of soil moisture initial state, further predictability in streamflow can be obtained for numerous locations in the Nelson River basin. It is important to note that in this study a very coarse representation of the initial soil moisture field (approximately 4000 km 2 ) was chosen and that the resolutions of several modelling and satellite initiatives will provide for much better spatial resolution of the initial soil moisture estimates. Fortunately, soil moisture estimates at resolutions much finer than those used in this analysis will become increasingly available over the Globe with current and proposed satellite missions and improved data assimilation methods for updating land surface hydrological process models.
